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Proteases usually cleave peptides, but under some
conditions, they can ligate them. Seeds of the com-
mon sunflower contain the 14-residue, backbone-
macrocyclic peptide sunflower trypsin inhibitor 1
(SFTI-1) whose maturation from its precursor has a
genetic requirement for asparaginyl endopeptidase
(AEP). To provide more direct evidence, we devel-
oped an in situ assay and used 18O-water to demon-
strate that SFTI-1 is excised and simultaneously
macrocyclized from its linear precursor. The reaction
is inefficient in situ, but a newfound breakdown
pathwaycanmask this inefficiencyby reducing the in-
ternal disulfide bridge of any acyclic-SFTI to thiols
before degrading it. To confirm AEP can directly
perform the excision/ligation, we produced several
recombinant plant AEPs in E. coli, and one from
jackbeancould catalyzebotha typical cleavage reac-
tion and cleavage-dependent, intramolecular trans-
peptidation to create SFTI-1. We propose that the
evolution of ligating endoproteases enables plants
like sunflower and jack bean to stabilize bioactive
peptides.
INTRODUCTION
All kingdoms of life contain backbone cyclic peptides, con-
sisting of an unbroken ring of peptide bonds made during
non-ribosomal peptide synthesis (Trauger et al., 2000) or
from proteins coded by genes (Barber et al., 2013; Eisen-
brandt et al., 2000; Koehnke et al., 2012; Mylne et al., 2011,
2012). Sunflower seeds contain a 14-residue, backbone cyclic
and disulfide bonded peptide called sunflower trypsin inhibitor
1 (SFTI-1) (Luckett et al., 1999). Its precursor, Preproalbumin
with SFTI-1 (PawS1), encodes two mature proteins: SFTI-1
as well as a typical seed storage albumin (Mylne et al.,
2011). The cysteine protease asparaginyl endopeptidase
(AEP, also known as legumain or vacuolar processing enzyme
[VPE]) processes seed storage albumins (Gruis et al., 2004;
Shimada et al., 2003), but using an aep genetic knockout,
AEP was also shown to be essential for maturing SFTI-1 at
both proto-termini (Mylne et al., 2011). AEP is also implicated
in the biosyntheses of unrelated kalata-type cyclic peptidesChemistry & Biology 22,(Gillon et al., 2008; Saska et al., 2007) and cyclic knottins
(Mylne et al., 2012), illustrating how AEP has been indepen-
dently recruited multiple times in plant evolution for cyclic
peptide biosynthesis (Mylne et al., 2012). Evolutionary conver-
gence on AEP by cyclic peptide biosyntheses bolstered
previous work that showed that AEP was capable of prote-
ase-mediated ligation in vitro (Min and Jones, 1994) and impli-
cated AEP of this reaction in vivo (Sheldon et al., 1996).
Recently, by following the processing of synthetic peptides,
a highly efficient transpeptidase activity was purified from
the seeds of Clitoria ternatea and attributed by proteomics to
an AEP named Butelase 1 (Nguyen et al., 2014). This purified
activity could not hydrolyze the usual substrates of AEP and
was quantitatively efficient at transpeptidation, so Butelase 1
was proposed to have evolved to function as a ligase rather
than a protease (Nguyen et al., 2014).
The notion of endoprotease-mediated ligation is well estab-
lished; early in vitro studies with proteases achieved reversibility
by altering solvents or concentrating substrates (Bergmann and
Behrens, 1938). Several biological examples of protease-medi-
ated ligation have been characterized. Circular pilins are the ma-
jor component ofAgrobacterium sex pili. Mutagenesis of the pilin
precursor showed in vivo that cleavage and ligation reactions
were inextricably linked, but the data could not exclude the pos-
sibility of a separate ligase (Eisenbrandt et al., 2000). More
recently, the structural basis for macrocyclization of patella-
mides in cyanobacteria was shown to involve a highly special-
ized enzyme with a subtilisin protease fold and a separate
domain dedicated to shielding the acyl intermediate from water
so the amino terminus can react with the carbonyl carbon of
the acyl intermediate to form a peptide bond (Koehnke et al.,
2012). A similar reaction by AEP was proposed for the biosyn-
thesis of sunflower SFTI-1 (Mylne et al., 2011), but direct evi-
dence was lacking and whether a specialist AEP performed
the final reaction was unknown. Here, by developing an in situ
assay, we demonstrate that the cleavage and ligation reactions
do not involve hydrolysis. The macrocyclization reaction is inef-
ficient in situ, while seemingly perfect in vivo. By fractionation of
the in situ extract, we discovered separate activities that reduce
then degrade any acyclic-SFTI, masking inefficient macrocycli-
zation. Seeking activities to explain our in situ observations, we
discovered an AEP from jack bean that, in addition to substrate
cleavage, can perform a cleavage-coupled intramolecular trans-
peptidation reaction to make SFTI-1 with a similar efficiency
to the in situ. This work illustrates how AEPs with different func-
tionalities might act in concert with a degradation pathway to
produce cyclic SFTI-1 in sunflower seeds.571–582, May 21, 2015 ª2015 Elsevier Ltd All rights reserved 571
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Figure 1. Synthetic Peptide Processing by Sunflower In Situ Extract
(A) Substrates used in this study. U (red) denotes seleno-Cys. G1A and D14N
mutations are shown in pink. All seleno-Cys and Cys residues are oxidized as
diselenide and disulfide bonds, respectively. The precursor of SFTI-1 is a 151-
residue protein PawS1. The 14 residues matured into SFTI-1 are PawS136–49.
The sequence matured into albumin is PawS154–151. The sequences matured
into SFTI-1 and albumin are joined in PawS1 by the sequence GLDN
(PawS150–53).
(B) The in situ extract cannot modify acyclic-SFTI over 4 hr, whereas (C) SFTI-
GLDN is matured in situ into acyclic-SFTI and cyclic SFTI-1. The mass (*) is an
artifact caused by spontaneous succinylation at the Asp14-Gly15 bond.
(D) The in situ reaction that creates cyclic SFTI-1 from SFTI-GLDN does not
involve hydrolysis.RESULTS
Seed In Situ Reveals Cleavage-Coupled
Macrocyclization Activity
To understand the biosynthesis of SFTI-1 (cyclo-GRCTKSIP
PICFPD), we developed an in situ assay. Sunflower seeds
were crushed in an AEP activity buffer, defatted with a hexane
extraction, and incubated with artificial peptide substrates (Fig-
ure 1A). The synthetic substrates contain a diselenide bond to
avoid confusion with endogenous peptides. The dominant 78Se
and 80Se isotopes gave substrates and any processed products
a distinctive isotopic pattern and higher molecular mass than
native peptides. Diselenide bonds are excellent structural572 Chemistry & Biology 22, 571–582, May 21, 2015 ª2015 Elseviermimics of disulfide bonds, but much less susceptible to reduc-
tion (Muttenthaler and Alewood, 2008), which is important
considering that the reducing agent DTT is required in reaction
buffers to ensure AEP activity.
To prove whether the proposed (Mylne et al., 2011) simulta-
neous cleavage and ligation was correct, we performed an
in situ assay with two synthetic substrates. Acyclic-SFTI
(GRUTKSIPPIUFPD) contains all 14 residues of SFTI-1 but is
not joined between Gly1 and Asp14. The second substrate,
SFTI-GLDN (GRUTKSIPPIUFPDGLDN), is similar but has an
additional tail of four residues (GLDN), which connects the
SFTI sequence within PawS1 (PawS136–49) to the adjacent
sequence matured into albumin (PawS154–151).
The in situ assay using acyclic-SFTI produced no new prod-
ucts, indicating that there was no activity in the extract able
to ligate acyclic-SFTI to produce cyclic SFTI-1 (Figures 1B and
S1). By contrast, the reaction with SFTI-GLDN produced two
products: one with a mass consistent with acyclic-SFTI and
another consistent with correctly processed cyclic SFTI-1 (Fig-
ures 1C and S1). To confirm the identity of the products, we
compared their mass spectrometry (MS) properties with those
of synthetic peptides, which matched in retention time, mass,
and tandem MS (MS/MS) fragmentation patterns (Figures 2
and S2). These data demonstrated that presence of an auxiliary
peptide domain in the substrate is required for successful liga-
tion. The position of the auxiliary peptide domain is important;
in situ incubations with TIEDN-SFTI, a synthetic substrate with
sequence preceding SFTI but no C-terminal GLDN tail, produces
only acyclic-SFTI and no macrocyclization (Figure S1).
To confirm that the in situ assay was reliable for dissecting
SFTI-1 processing, we used a variant substrate (G1A)SFTI-
GLDN, in which Gly1 was substituted with Ala. Previous work
with transgenic plants expressing a similarly mutated PawS1
could produce only an acyclic mass, indicating that the Gly1Ala
mutation specifically prevented macrocyclization (Mylne et al.,
2011). This was proposed to be evidence of a steric requirement
for Gly in a ligation to Asp14. Even after extended incubation for
24 hr, our in situ incubations were indeed consistent with the
in vivo data, producing a mass indicating removal of the GLDN
tail, but no mass for a macrocyclic peptide (Figure S1).
We then sought to determine, using 18O-water, whether the
excision and macrocyclization reaction that makes SFTI-1
in situ involves hydrolysis. If the bond cleavage (hydrolysis)
and bond ligation (dehydration) reactions were separate, there
would be an opportunity for 18O atoms to incorporate during
hydrolysis of the Asp14-Gly15 bond and produce a mixed pop-
ulation of cyclic SFTI-1 with a 2 Da mass difference. By
contrast, if the reaction does not involve hydrolysis, then, water
will not participate in the reaction and there will be no shift in
mass for cyclic SFTI-1.
We repeated the in situ experiment with SFTI-GLDN in 18O-
water and observed acyclic-SFTI at 1,627 Da, indicating an
increase in average mass of 1.9 Da, consistent with hydro-
lysis incorporating one 18O atom. By contrast, the mass for
cyclic SFTI-1 (1,607 Da) did not change, confirming that
processing of SFTI-GLDN into cyclic SFTI-1 does not involve
hydrolysis (Figure 1D). From all these data, we can infer that
the in vivo biochemical reaction that converts SFTI-GLDN to
the macrocyclic SFTI-1 mechanistically is an intramolecularLtd All rights reserved
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Figure 2. Peptide Confirmations by LC-MS and LC-MS/MS
The seleno-Cys residues create broad peaks, whereas the diselenide bond and (where relevant) cyclic backbone reduce fragmentation, both limiting the res-
olution of MS/MS.
(A) Synthetic standards of the acyclic-SFTI (red) and cyclic SFTI-1 (blue) were analyzed by LC-MS and when injected alone (solid line) or combined in a mixture
(dashed line), the standards differed in retention time so during subsequent experiments both standards were spiked into samples.
(B) The MS/MS spectrum of the cyclic SFTI-1 standard.
(C) MS/MS spectrum of the acyclic-SFTI standard.
(D) LC-MS of the in situ performed using SFTI-GLDN substrate (dashed) and (solid line) the same sample spiked with a mixture of both standards.
(E) MS/MS spectrum of the 805[2+] ion from the in situ, which matches the cyclic SFTI-1 standard in (B).
(F) MS/MS spectrum of the 814[2+] ion from the in situ that matches the acyclic-SFTI standard in (C).
(G) LC-MS of the products resulting from digests by recombinant CeAEP1 of SFTI-GLDN (dashed) and (solid line) the same sample spiked with a mixture of both
standards.
(H) MS/MS spectrum of the 805[2+] ion from CeAEP1 digests, which matches the cyclic SFTI-1 standard in (B).
(I) MS/MS spectrum of the 814[2+] ion from CeAEP1 digests that matches the acyclic-SFTI standard in (C).transpeptidation, enabled by isoenergetic coupling of the first
half of a peptide bond hydrolysis reaction to a peptide bond
ligation reaction.
Using genetic aep null mutants, AEP has been shown to be
required for processing of SFTI-1 at both proto-termini (Mylne
et al., 2011), so this finding that the cleavage and ligation reac-
tions are coupled confirms that AEP is the enzyme responsible
for the macrocyclization of SFTI-1.Chemistry & Biology 22,It is worth noting that this in situ macrocyclization reaction is
inefficient. Although each extract varied in its activity, we
compared the ionization intensities in MALDI-MS using stan-
dards for three independent in situ time course experiments
with SFTI-GLDN substrate. On average, about one in seven
(15%) reaction products from SFTI-GLDN are cyclic SFTI-1;
the remaining six of seven (85%) reaction products are acyclic-
SFTI (5.8:1 acyclic:cyclic ± 1.3 SE).571–582, May 21, 2015 ª2015 Elsevier Ltd All rights reserved 573
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Figure 3. MALDI-TOF Spectra of Incubations Performed with Disulfide Substrates
Masses suspected to be the result of spontaneous succinylation (Stephenson and Clarke, 1989) are marked *.
(A) In situ assays using a disulfide (i.e. not diselenide) SFTI-GLDN substrate. Acyclic-SFTI (1,533 Da) is detectable at 30 min, but not at 60 min, suggesting that
acyclic-SFTI is transiently produced then broken down in situ. Native SFTI-1 masks any produced further native SFTI-1 made from disulfide SFTI-GLDN.
(B) When the in situ seed extract is filtered and washed in a 10-kDa spin column, the contents of the spin column (which should hold AEP) can mature disulfide
SFTI-GLDN into acyclic-SFTI (1,533.8 Da) and native SFTI-1 (1,513.8 Da).
(C) Native SFTI-1 is stable in situ and (D) the disulfide SFTI-GLDN substrate is stable in buffer.In Situ Degradation of Acyclic-SFTI Masks Inefficient
Macrocyclization
The in situ reactions produce acyclic-SFTI, whereas sunflower
seeds do not. To explain this apparent inefficiency, we pro-
duced an SFTI-GLDN substrate with a disulfide bond instead
of a diselenide. Using this more natural substrate in situ, we
observed initial production of a mass at 1,533 Da, which is
consistent with acyclic-SFTI having reduced Cys residues, but
over several hours, the mass was no longer detectable, sug-
gesting it had been degraded (Figure 3). The in situ extract con-
tains endogenous SFTI-1, which masks any SFTI-1 processed
from disulfide SFTI-GLDN, so we washed native SFTI-1 from
the in situ extract using a 10-kDa spin column. The contents
of the filter, in which AEP should remain, processed disulfide
SFTI-GLDN into native SFTI-1 as expected, but the 1,533-Da
mass for a Cys-reduced acyclic-SFTI product was also de-
tected (Figure 3).
To explore this instability of disulfide acyclic-SFTI further, we
incubated disulfide acyclic-SFTI (1,531 Da) in a modified in situ
extract. We used a 10-kDa filter to separate the in situ extract
into <10-kDa and >10-kDa fractions. Acyclic-SFTI was incu-
bated in either unmodified in situ extract, the <10-kDa fraction,
the >10-kDa fraction, or both fractions combined to reconstitute
the in situ (Figures 4 and S3). Disulfide acyclic-SFTI was574 Chemistry & Biology 22, 571–582, May 21, 2015 ª2015 Elsevierdegraded rapidly in the unmodified in situ extract but stable in
the <10-kDa fraction. Acyclic-SFTI was moderately stable in
the >10-kDa fraction, but its mass quickly shifted by 2 Da to
1,533 Da, consistent with reduction of its disulfide bond.
Acyclic-SFTI was degraded in the reconstituted in situ extract
(<10 kDa combined with >10 kDa), with evidence of two overlap-
ping populations in the ion envelope: one with peak at 1,531 Da
and one with a peak at 1,533 Da.
By contrast, diselenide acyclic-SFTI is stable in situ and no
new, smaller products appear, implying there are no endopro-
tease or exoprotease activities in the in situ extract able to
degrade acyclic-SFTI while its diselenide bond remains intact
(Figure 1B). This explains why our initial use of diselenide-
bonded substrates prevented us from observing this natural
breakdown in situ. These data demonstrate that a >10-kDa fac-
tor in the in situ extract reduces the disulfide bond, but compo-
nents in both the >10-kDa and <10-kDa fractions are required
for efficient degradation of the reduced product. The partial
breakdown of disulfide acyclic-SFTI in the >10-kDa fraction is
because, although 50-fold depleted for <10 kDa by washing,
this fraction still contains some <10-kDa molecules.
Although the in situ conditions used were artificial, these ob-
servations can reconcile how only cyclic SFTI-1 is present in sun-
flower seeds in vivo. SFTI-1 biosynthesis in vivo could appearLtd All rights reserved
Figure 4. Acyclic-SFTI with a Disulfide Bond Is Unstable In Situ
Disulfide acyclic-SFTI is degraded rapidly by the in situ extract, but is stable in
the <10-kDa filtrate of the same extract. Incubation in the >10-kDa fraction
caused a rapid increase in mass by 2 Da, consistent with reduction of the
disulfide bond. Disulfide acyclic-SFTI is degraded when the in situ extract is
reconstituted bymixing the <10-kDa and >10-kDa fractions back together. For
full traces see Figure S3.efficient due to breakdown of any acyclic-SFTI made by an
inefficient AEP, rather than quantitatively efficient macrocycliza-
tion. The steps that lead to the breakdown of acyclic-SFTI will
be an interesting subject for future studies, with our data sup-
porting a stepwise degradation requiring disulfide bond reduc-
tion and subsequent degradation that requires the >10-kDa
and <10-kDa fractions of the in situ extract.
Reconstituting SFTI-1 Biosynthesis In Vitro
To prove AEP performs this simultaneous excision and ligation
directly, we sought to reconstitute the reaction in vitro. Sunflower
is not a model species, so to obtain AEP sequences, we exam-
ined a sunflower seed de novo transcriptome (Elliott et al.,
2014). Searching this transcriptome showed that sunflower con-
tains at least five AEPs (Figure S4), but our transcriptome
included only one full-length AEP open reading frame (ORF).
This was the most abundant transcript by several orders of
magnitude and encoded the 491-residue HaAEP1. HaAEP1
has no extra domains, large insertions, or deletions (Figure 5;
Supplemental Data 1). Recombinant HaAEP1 showed no detect-
able activity against SFTI-GLDN over 2 hr, but when similarly
incubated, it cleaved a modified substrate SFTI(D14N)-GLDN
at Asn14 (Figures 6A and S5). Asn recognition is consistent
with other AEPs (Hara-Nishimura et al., 1991, 1993; Yamada
et al., 1999), indicating that HaAEP1 is a typical AEP in sequence
and biochemical function.
Although sunflower AEP1 is likely to be involved in processing
of albumin and pre-processing of SFTI-1, the AEP activity we
expect to perform the final transpeptidation reaction would
need to recognize Asp and macrocyclize. We looked for this
type of activity profile among published plant AEP sequences
that we could express recombinantly in E. coli. These AEPs
included a sequence (Takeda et al., 1994) from Canavalia ensi-Chemistry & Biology 22,formis (jack bean), in which AEP-mediated transpeptidation
was first demonstrated in the production of the lectin concavalin
A (Min and Jones, 1994). We expressed Arabidopsis thaliana
AEP2, the most important AEP for its seed storage protein pro-
cessing (Shimada et al., 2003). We also purified a recombinant
AEP from Ricinus communis (castor bean) (Hara-Nishimura
et al., 1991). Sequence alignments show that none of these
AEPs possesses substantial deletions or insertions (Figure 5;
Supplemental Data 1).
We compared the activity profiles of these additional AEPs
with HaAEP1 using SFTI-GLDN or SFTI(D14N)-GLDN substrates
and found that they varied subtly in their specificity and activity
(Table 1). We performed in vitro reactions with standards to
provide specific activities for each AEP at producing acyclic
and cyclic SFTI masses from the two substrates. These experi-
ments with SFTI-GLDN or SFTI(D14N)-GLDN confirmed that
although all could cleave at Asp14 or Asn14, HaAEP1 and
AtAEP2 preferred cleaving at Asn14, whereas RcAEP1 preferred
Asp14. The specific activities of AtAEP2 and RcAEP1weremuch
higher than HaAEP1. Similar to HaAEP1, neither RcAEP1 nor
AtAEP2 could perform macrocyclization.
Unlike the three aforementioned AEPs, when jack bean AEP
(CeAEP1) was incubated with SFTI-GLDN, it could produce a
mass for cyclic SFTI-1 (Figures 6A and S6A). We confirmed
that the mass was cyclic SFTI-1 by comparison with synthetic
standards (Figures 2 and S2). We confirmed that this in vitro re-
action does not involve hydrolysis (Figure S6B). Also, CeAEP1
readily cleaved the SFTI(D14N)-GLDN substrate at Asn14 and
could macrocyclize it (Figure 6A).
These data suggest that in addition to cleaving Asn bonds like
most AEPs, CeAEP1 can cleave at Asp aswell as perform amac-
rocyclization reaction. The ratio of cyclic to acyclic products
made by CeAEP1 also appeared similar to the sunflower in situ
assay, making recombinant CeAEP1 a good case study for
the type of AEP that might perform the observed reaction in
the sunflower in situ, and so, CeAEP1 was pursued further and
compared with HaAEP1, which had comparable specific activity
for the cleavage reactions (Table 1).
To obtain enzyme kinetic values for recombinant HaAEP1
and CeAEP1, we performed an extended series of in vitro reac-
tions that followed the conversion of the substrates SFTI-GLDN
and SFTI(D14N)-GLDN (Figures 6B and S7). We calculated the
kcat/Km values for HaAEP1 producing acyclic-SFTI(D14N) from
the substrate SFTI(D14N)-GLDN, whereas kinetic values for
CeAEP1 were calculated for producing cyclic and acyclic prod-
ucts from either substrate. The reaction products of these di-
gests were measured by MALDI-MS and calibrated against
synthetic peptides for cyclic SFTI-1, acyclic-SFTI, cyclic SFTI-
1(D14N), and acyclic-SFTI(D14N). The kcat/Km values for Asn
at the P1 position in SFTI(D14N)-GLDN substrate for HaAEP1
(610 M–1 s1) and CeAEP1 (5,795 M–1 s1) were consistent
with values published for other AEPs, which range from 730
to 4,400 M–1 s1 (Dall and Brandstetter, 2013; Davy et al.,
1998). The CeAEP1 kcat/Km values for cyclic products were
10-fold lower than for acyclic products (Figure 6B), implying
that macrocyclization reactions are inefficient in vitro, similar
to the sunflower in situ.
CeAEP1 is able to produce a macrocyclic peptide from
either substrate, but the kcat/Km value for Asp at the P1 position571–582, May 21, 2015 ª2015 Elsevier Ltd All rights reserved 575
CeAEP1 MVMMLVMLSLHGTAARLNRREWDSVIQLPTEP---------------VDDEVG
RcAEP1 METHKSLLFFTNYVLFLVFTLSFLPIPGLLASRLNPFEPGILMPTEEAEPVQVDDDDQLG
AtAEP2 MAKSCYFRPALLLLLVLLVHAESRGRFEPKILMPTEEAN---------PADQDEDGVG
HaAEP1 MVSRIICFTLVLVTVVALSYGAAGRESSGGQKWRWGWDPLIRSPVDAEQEVDEQMTNG
CtAEP1 MKNPLAILFLIATVVAVVSGIRDDFLRLPSQASK---------FFQADDNVEG
CeAEP1 TRWAVLVAGSNGYGNYRHQADVCHAYQLLIKGGVKEENIVVFMYDDIAYNAMNPRPGVII
RcAEP1 TRWAVLVAGSMGFGNYRHQADVCHAYQLLRKGGLKEENIIVFMYDDIAKNELNPRPGVII
AtAEP2 TRWAVLVAGSSGYGNYRHQADVCHAYQILRKGGLKEENIVVLMYDDIANHPLNPRPGTLI
HaAEP1 TKWAVLVAGSKGYGNYRHQADVCHAYQVLKKGGLKDENIVVFMYDDIAKSEMNPRPGIII
CtAEP1 TRWAVLVAGSKGYVNYRHQADVCHAYQILKKGGLKDENIIVFMYDDIAYNESNPHPGVII
CeAEP1 NHPQGPDVYAGVPKDYTGEDVTPENLYAVILGDKSKVKG-GSGKVINSNPEDRIFIFYSD
RcAEP1 NHPQGEDVYAGVPKDYTGEHVTAKNLYAVLLGDKSAVQG-GSGKVVDSKPNDRIFLYYSD
AtAEP2 NHPDGDDVYAGVPKDYTGSSVTAANFYAVLLGDQKAVKG-GSGKVIASKPNDHIFVYYAD
HaAEP1 NSPKGEDVYAGVPKDYTGKNVTVDNLSAVLLGDRSAVKG-GSGKVVDSKPEDRIFLFYSD
CtAEP1 NHPYGSDVYKGVPKDYVGEDINPPNFYAVLLANKSALTGTGSGKVLDSGPNDHVFIYYTD
CeAEP1 HGGPGVLGMPNAPFVYAMDFIDVLKKKHASGGYKEMVIYIEACESGSIFEGIMPKDLNIY
RcAEP1 HGGPGVLGMPNLPYLYAMDFIEVLKKKHAAGGYKKMVIYVEACESGSIFEGIMPKDVDIY
AtAEP2 HGGPGVLGMPNTPHIYAADFIETLKKKHASGTYKEMVIYVEACESGSIFEGIMPKDLNIY
HaAEP1 HGGPGVLGMPNEPHLVAKDLVDVLKKKHAMGTYKEMVIYLEACESGSIFEGILPEDLNIY
CtAEP1 HGGAGVLGMPSKPYIAASDLNDVLKKKHASGTYKSIVFYVESCESGSMFDGLLPEDHNIY
CeAEP1 VTTASNAQENSFGTYCPGMNPPPPEEYVTCLGDLYSVSWMEDSETHNLKRETVQQQYQSV
RcAEP1 VTTASNAQESSWGTYCPGMEPSPPPEFTTCLGDLYSVAWMEDSESHNLKKETVKQQYSSV
AtAEP2 VTTASNAQESSYGTYCPGMNPSPPSEYITCLGDLYSVAWMEDSETHNLKKETIKQQYHTV
HaAEP1 ATTASGAQENSYGTYCPGTEPSPPPEYITCLGDLYSVAWMEDSETHNLKKESLEQQFNKV
CtAEP1 VMGASDTGESSWVTYCPLQHPSPPPEYDVCVGDLFSVAWLEDCDVHNLQTETFQQQYEVV
CeAEP1 RKRTSNSNSYRFGSHVMQYGDTNITAEKLYLYHGFDPATVN-FPPHNGNLEAKMEVVNQR
RcAEP1 KARTSNYNTYAAGSHVMQYGNQSIKADKLYLFQGFDPASVN-FPPNNAHLNAPMEVVNQR
AtAEP2 KMRTSNYNTYSGGSHVMEYGNNSIKSEKLYLYQGFDPATVN-LPLNELPVKSKIGVVNQR
HaAEP1 KKRTSNSNTYNTGSHVMEYGSKDIKPEKVYLYLGFDPATVN-LPAN-QIHFDKLDGVNQR
CtAEP1 KNKT-IVALIEDGTHVVQYGDVGLSKQTLFVYMGTDPANDNNTFTDKNSLGTPRKAVSQR
CeAEP1 DAELLFMWQMYQRSNHQPEKKTHILEQITETVKHRNHLDGSVELIGVLLYGPGKSSSVLH
RcAEP1 DAELHFMWQLYKRSENGSEKKKEILQQIKDAIKHRSHLDSSMQLIGDLLFGPKKASAILK
AtAEP2 DADLLFLWHMYRTSEDGSRKKDDTLKELTETTRHRKHLDASVELIATILFGPTMN--VLN
HaAEP1 DADLIFLWQRYKKSSESTR--PEILREITETLTHRGHLDSSIDMIGVLLFGPQNGRSTLH
CtAEP1 DADLIHYWEKYRRAPEGSSRKAEAKKQLREVMAHRMHIDNSVKHIGKLLFGIEKGHKMLN
CeAEP1 SVRAPGLPLVDDWTCLKSMVRVFETHCGSLTQYGMKHMRAFGNVCNSGVSKASMEEACKA
RcAEP1 SVREPGSPLVDDWGCLKSMVRVFETCCGSLTQYGMKHMRTFANICNAGVSHTSMEEACNA
AtAEP2 LVREPGLPLVDDWECLKSMVRVFEEHCGSLTQYGMKHMRAFANVCNNGVSKELMEEASTA
HaAEP1 SARAPGLPLVDDWECFKSTARLFEKHCGLLTQYGMKHMRAFANICNSSVEKSKVEEVFIA
CtAEP1 NVRPAGLPVVDDWDCFKTLIRTFETHCGSLSEYGMKHMRSFANLCNAGIRKEQMAEASAQ
CeAEP1 ACGGYDAG--LLYPSNTGYSA
RcAEP1 ACSGHDAG--QWHPTNQGYSA
AtAEP2 ACGGYSEARYTVHPSILGYSA
(legend on next page)
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Figure 6. Synthetic Peptide Processing In Vitro by Recombinant HaAEP1 and CeAEP1 and Model for SFTI-1 Processing In Vivo
(A) HaAEP1 cannot modify SFTI-GLDN in 2 hr but will cleave a D14N mutant substrate. CeAEP1 can recognize both Asp and Asn to produce cleaved and
macrocyclized products for both substrates. The 1,609.6-Da mass (*) is –15 Da from acyclic-SFTI(D14N) so is not cyclic.
(B) Kinetic values for HaAEP1 and CeAEP1 substrate digestion with lines indicating SD from the mean. For HaAEP1, only cleavage activity for the modified
SFTI(D14N)-GLDN substrate was measurable. ND, not determined. Error bars are SEM. The entire kinetic experiment was performed twice. For calibration
curves, see Figure S7.
(C) The residues ligated to create cyclic SFTI-1 are shown in red. The precursor peptide for SFTI-1 is first clipped from PawS1 by the strong AEP preference for
Asn (1). SFTI-GLDN is then attacked specifically by an AEP that recognizes Asp14 and forms an acyl intermediate (2) that reacts with the amino-terminus of Gly1
(3) to create a peptide bond and reconstitute the AEP active site thiol (4). Cyclic SFTI-1 is a kinetic trap and cannot be re-cleaved by AEP (5), while any acyclic-SFTI
enters a pathway of degradation (5*), which involves disulfide bond reduction (6*) followed by degradation (7*).in SFTI-GLDN is 800-fold lower than for Asn. A sunflower AEP
with a CeAEP1-like weaker preference for Asp would explain
how multiple AEPs could act in concert in vivo upon PawS1
but still allow the proper sequence of processing. For the Gly1
of SFTI to be ligated to Asp14 first requires cleavage at the
Asn in PawS1 that precedes Gly1. The strong preference for
cleavage at Asn by most AEPs and the high transcript abun-
dance for the Asn-preferring HaAEP1 suggests that the conser-
vation of Asp14 in native substrates enables this proper
sequence of cleavages, with the Gly1 freed so that it is able react
with the subsequently formed Asp acyl intermediate.
Until now, each substrate had a short N- or C-terminal tail;
however, in vivo SFTI-1 is matured from a longer precursor.
To better mimic the in vivo substrate, we used a 25-residue
substrate with sequence preceding SFTI and an extended C-ter-
minal tail (TIEDN-SFTI-GLDNPR). Incubation with HaAEP1 pro-
duced only SFTI-GLDNPR. By contrast, CeAEP1 could process
TIEDN-SFTI-GLDNPR correctly into mature and macrocyclic
SFTI-1 (Figures S5 and S6). These data suggest that HaAEP1
processes PawS1 at Asn bonds. By contrast, CeAEP1 is
multifunctional and can process this longer SFTI precursor at
Asn bonds as well as process SFTI at Asp14 and perform
macrocyclization.Figure 5. Alignment of Five Plant AEPs
Alignment of the new 491-residue sunflower AEP1 sequence with AEPs included
described AEP sequence from Clitoria ternatea. Sequences were aligned by Clus
(CeAEP1) and C. ternatea AEP (CtAEP1) exhibit macrocyclization capability, they
predicted ER sequences for CtAEP1 and CeAEP1 are denoted (rose), the N-term
catalytic Asn, His, and Cys residues are marked in yellow.
Chemistry & Biology 22,Cyclic SFTI-1 Is Unrecognizable by AEP
These findings demonstrate that CeAEP1 can perform excision-
mediated macrocyclization to make SFTI-1, but for the purpose
of understanding the biosynthesis, it would be interesting to
know whether this enzyme can unmake what it has produced.
To test this, we incubated cyclic SFTI-1 with HaAEP1 and
CeAEP1 to assess whether either could cleave SFTI-1. The
Gly1-Asp14 ligation point is within a structured protein loop (Kor-
sinczky et al., 2001), where it might be protected from protease
recognition (Tyndall et al., 2005). Indeed, neither HaAEP1 nor
CeAEP1 could cleave SFTI-1 (Figures S5 and S6). We also
showed that CeAEP1-mediated cleavage cannot be inhibited
by a 10-fold excess of SFTI-1 (Figure S6C). These findings
demonstrate that once made, SFTI-1 is no longer recognized
by AEP. Hence, this AEP-mediated macrocyclization reaction
cannot be undone by the same AEP that made SFTI-1 cyclic.
An Integrated Model for SFTI-1 Biosynthesis In Vivo
These findings lead us to propose a model for SFTI-1 biosyn-
thesis in vivo (Figure 6C). The 151-residue protein PawS1 is tar-
geted to the ER, where its 21-residue signal is removed. In the
ER, the disulfide bonds of the 130-residue PawS1 pro-albumin
are formed and it is trafficked to protein storage vacuoles inin this study from A. thaliana, jack bean, and castor bean as well as a recently
talW and rendered using BOXSHADE. Although of the five, only jack bean AEP
do so without possessing any large insertions, deletion, or extra domains. The
inal pro-regions of CeAEP1 and CtAEP1 are known (blue), while the conserved
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Table 1. Specific Activities of the Four Recombinant AEPs
Product HaAEP1 ± CeAEP1 ± AtAEP2 ± RcAEP1 ±
Acyclic-SFTI 0.082 0.015 0.16 0.012 1.20 0.16 7.10 0.05
Cyclic SFTI-1 0.008 0.0008
Acyclic-SFTI(D14N) 4.03 0.98 7.60 0.43 3.46 0.54 1.16 0.054
Cyclic SFTI-1(D14N) 1.40 0.11
The rates of production (mmol min–1 per mg enzyme) were calculated using peptide standards. The production of acyclic-SFTI and cyclic SFTI-1 was
measured from SFTI-GLDN substrate; whereas production of acyclic-SFTI(D14N) and cyclic SFTI-1(D14N) products was measured from SFTI(D14N)-
GLDN substrate. The entire experiment was repeated three times, ± shown is SD. At the higher enzyme concentrations and longer incubation times
used in these assays, it was possible to detect some cleavage at Asp14 by HaAEP1. Most AEPs had a preference for Asn14 over Asp14; only RcAEP1
had a preference for Asp14.multi-vesicular bodies. As pro-albumins join the protein storage
vacuoles, they are met by processing proteases, including
AEP, and the pH drops to 5 (Otegui et al., 2006). Although
Asp recognition is required for complete processing of SFTI-1,
the preference of most AEPs for Asn and the abundance of
HaAEP1 ensures that the 18-residue SFTI-GLDN sequence is
released from the PawS1 pro-albumin (1). SFTI-GLDN is then at-
tacked specifically by an AEP with Asp recognition to form an
acyl intermediate (2). The fleeting, entropically favorable condi-
tions for peptide macrocyclization (the amino terminus of Gly1
held close to the acyl intermediate by the inter-Cys bridge) is
the only opportunity for a macrocyclization reaction (3) and this
results in reconstitution of the active site thiol (4). Once formed,
macrocyclic SFTI-1 (5) cannot be re-cleaved; meanwhile, any
acyclic-SFTI produced by water that attacked the acyl interme-
diate cannot be ligated and could enter a pathway of degrada-
tion (5*). The first step to degradation of acyclic-SFTI requires
reduction of the disulfide bond that is performed by a factor(s)
that renders the peptide linear (6*). This linear SFTI can then be
degraded (7*). The in situ stability of cyclic SFTI-1 and instability
of acyclic-SFTI reveals the importance of cyclization and recon-
ciles how an inefficient in vitro reaction could appear efficient
in vivo.
DISCUSSION
Macrocyclization of cyanobacterial patellamides was shown to
require a specialized enzyme PatG (Schmidt et al., 2005). Later,
structural work showed that PatG possesses a subtilisin-like
protease fold, but has an inserted domain that shields the acyl
intermediate fromwater and enables macrocyclization (Koehnke
et al., 2012). So to create an enzyme capable of macrocycliza-
tion, this cyanobacterium evolved a dedicated, additional pro-
tein domain.
Using synthetic substrates, Nguyen et al. (2014) purified a
transpeptidation-specific activity from the seeds of a legume
calledClitoria ternatea and attributed it to an AEP they called Bu-
telase 1. Alignment of this sequence to the bifunctional CeAEP1
and the other AEPs that cannot macrocyclize are highly similar,
indicating that a macrocyclization function in plant AEPs did
not evolve via an additional domain and is more subtle (Figure 5;
Supplemental Data 1). Our experiments have explained how
cleaving and macrocyclizing AEPs could act in concert in vivo
at both proto-termini to process SFTI-1. Using differential recog-
nition of Asn and Asp with a breakdown pathway, the AEP activ-578 Chemistry & Biology 22, 571–582, May 21, 2015 ª2015 Elsevierity acting at Asp14 could contribute to only cyclic SFTI-1 being
present in sunflower seeds despite being catalytically inefficient
at macrocyclization. Future work will establish which of the lowly
expressed AEPs (Figure S4) performs the transpeptidation reac-
tion in sunflower seeds. Lower expression might help explain
how an AEP becomes bifunctional, as functional redundancy
provides freedom to evolve (Khersonsky and Tawfik, 2010).
Only 15% of processed SFTI-GLDN was converted to cyclic
SFTI-1 in situ, and jack bean AEP was similarly inefficient,
but the breakdown of acyclic-SFTI we observed in situ could
reconcile why only macrocyclic SFTI-1 is found in sunflower
seeds. The majority of enzymes are many orders of magnitude
below being diffusion rate limited and are arguably only moder-
ately efficient (Bar-Even et al., 2011). The reasons why higher
enzyme inefficiency might not exist in sunflower is that either
there has been insufficient evolutionary selection pressure to
evolve to a higher efficiency or there is a physical constraint on
AEP evolving higher efficiency. The quantitatively efficient mac-
rocyclizing activity of Butelase 1 in legumes discounts the latter
possibility, which suggests that the reason why biosynthesis of
SFTI-1 is so inefficient in sunflower seeds is insufficient selection
pressure.
Consistent with this hypothesis of insufficient selection pres-
sure, although SFTI-1 is a potent (Ki = 0.1 nM) and unique trypsin
inhibitor, it is just one of several different trypsin-inhibiting activ-
ities in sunflower seeds (Konarev et al., 2000). Also consistent
with this hypothesis is that although SFTI-1 is conserved in the
Helianthus genus and relatives (Elliott et al., 2014), work by Ko-
narev et al. (2000) showed that SFTI-1 is not ubiquitous within
the Helianthus genus and therefore is non-essential. Further-
more, SFTI-1 is not high in abundance. A simple quantitative
analysis of sunflower seeds with standards calculated its abun-
dance at 0.65 mg/kg of dehulled seeds (Figures S8A and S8B).
These data lead us to speculate that insufficient selection pres-
sure is the reason for inefficient macrocyclization.
AEP has been recruited for peptide macrocyclization indepen-
dently several times during plant evolution (Mylne et al., 2012).
The AEP-mediated biosyntheses that produce the small and
2-Cys SFTI-1 in sunflower and the 6-Cys kalata-type cyclic pep-
tides in C. ternatea have some critical aspects that differ. In
addition to emerging from completely different precursor pro-
teins and being structurally distinct peptides, the number of
AEP-mediated reactions needed to create each peptide differs.
To make SFTI-1, its precursor protein PawS1 requires AEP
to cleave at several locations: at an Asn residue precedingLtd All rights reserved
SFTI-1, at the Asn in the GLDN tail, which releases the trailing al-
bumin, and then, of course, the final macrocyclization cleavage/
ligation at Asp14. These multiple roles for AEP at different loca-
tions will demand a mixture of cleaving and macrocyclizing AEP
activities. By contrast, the 6-Cys C. ternatea cyclic peptides
require only a single, AEP-mediated macrocyclization reaction.
The identity of the activity that releases the proto-N-terminal
Gly1 of the 6-Cys kalata-type cyclic peptides is not AEP and re-
mains unknown.
The biosynthesis of the 7-residue, cyclic peptide toxin
a-amantin in some mushroom species might involve multiple
roles for a single protease such as we see for AEP releasing
SFTI-1 from PawS1. In addition to a typical pro-cleaving prolyl
oligopeptidase (POPA) serine protease, Galerina marginata con-
tains a specialist POPB that alone in vitro could cleave a 35-res-
idue precursor at two Pro residues, releasing macrocyclic
a-amantin (Luo et al., 2014). It is likely that in vivo, POPA and
POPB work co-operatively to biosynthesize a-amantin from its
precursor.
In this study, we discovered amacrocyclization capability for a
jack bean AEP (CeAEP1). The field of AEP-mediated ligation
began in the late 1980s with work using jack bean protein ex-
tracts (Bowles et al., 1986; Carrington et al., 1985) and later
with extracts that were AEP-enriched, but undoubtedly still con-
taining complex mixtures of several AEPs (Abe et al., 1993; Min
and Jones, 1994; Sheldon et al., 1996). It is tempting to speculate
that we have identified the jack bean AEP that joins linear protein
fragments together to form the jack bean lectin concavalin A. It
will be interesting to identify the residue(s) that allow some
AEPs to macrocyclize as well as understand the structural basis
for differential recognition of Asp and/or Asn.
In addition to this linear ligation in theproductionof a lectin, AEP
has been recruited several times during plant evolution for pro-
cessing of proteins into macrocyclic peptides (Mylne et al.,
2012), suggesting that its core structure is ideally suited for adap-
tation for transpeptidation. Recently,mammalian AEPs that share
40% identity with plant AEP have been crystallized (Dall and
Brandstetter, 2013; Zhao et al., 2014) and the mouse AEP
mediated the re-ligation of its own prodomain (Zhao et al.,
2014), suggesting that AEPs in general may be predisposed to
transpeptidation. Biosyntheses of backbone cyclic peptides in
many kingdoms have been shown to involve proteases for their
maturation (Barber et al., 2013; Eisenbrandt et al., 2000).Our find-
ings demonstrate how the evolution of a ligating endoprotease
could be a strategy that organisms employ to stabilize peptides.
SIGNIFICANCE
Although it is well established that endoproteases can be
forced to ligate in artificial conditions, such as with solvents
that alter water concentration, there are very few natural ex-
amples in which endoproteases perform ligation reactions.
Here, we have demonstrated how one particular AEP with
no additional domains or deletions and highly similar in
sequence to other AEPs can perform transpeptidation. It
does so by coupling the transpeptidation to the cleavage of
a peptide tail and does not involve hydrolysis. Endopro-
teases are well known for performing cleavage reactions,
but this work demonstrates how ligation reactions mightChemistry & Biology 22,occur in vivo. We also showed recombinant AEPs to have
differing degrees of recognition of Asn and Asp, which could
be biosynthetically relevant. The proto-N-terminal Gly of the
excisedpeptide is preceded byAsn and its proto-C-terminus
is Asp. Poorer recognition of Asp will favor the appropriate
sequentiality of AEP cleavages so that the amino terminus
of the Gly is unmasked and ready to react with the acyl inter-
mediate formed between AEP and the proto-C-terminal Asp.
This sequentiality enabled by differential recognition ex-
plains how complex mixtures of AEPs could act in concert.
Finally, this study has shown an example inwhichmacrocyc-
lization is essential for peptide stability. Many biochemical
studies have demonstrated improved peptide stability upon
macrocyclization, but many of these peptides were stable
to some degree in vivo already. We have shown a biological
need for macrocyclization; without it, even this disulfide
bonded peptide with a strong internal hydrogen bonding
network is rapidly degraded in a stepwise manner. Further-
more, we showed how biological instability of acyclic pep-
tides in vivo can mask an inefficient macrocyclization pro-
cess, illustrating more generally how a catalysis does not
need to be catalytically efficient to appear highly effective.
EXPERIMENTAL PROCEDURES
In Situ Assay
Dry sunflower seeds (FOODIMEX) were frozen in liquid nitrogen and crushed
using a mortar and pestle. The seed meal was resuspended in AEP activity
buffer (50 mM sodium acetate [pH 5.0], 5 mM DTT, 1 mM EDTA) at a ratio
of 0.1 ml buffer per de-hulled sunflower seed. The resuspended meal was
mixed by vortex for 10 min then spun 2 min at 10,000 3 g. To remove oils,
the supernatant was transferred to a clean tube and mixed with an equal vol-
ume of hexane. After a short mix and spin, the hexane phase was removed.
Unless otherwise specified, a stock of 1 mM synthetic peptide was added to
the extract at a final concentration of 0.25 mM, and the mixture was incubated
at 37C for the assay. At specified time points, 10 ml aliquots were removed
and the peptides captured by ZipTips (Merck Millipore) pre-equilibrated with
5% acetonitrile 0.1% formic acid. The capture peptides were washed with
5% acetonitrile 0.1% formic acid and eluted in 10 ml of 95% acetonitrile
0.1% formic acid. 1 ml of undiluted sample as well as 1:5 and 1:10 dilutions
in 0.1% formic acid were analyzed by MALDI-TOF or liquid chromatography
(LC)-MS. For the in situ assays with 18O-water, the activity buffer and synthetic
peptides were prepared in 18O-water (Sigma-Aldrich) to a final estimated
85%–95% 18O-water in the assay.
The reason for defatting the extract is that oils from oilseeds interfere with
C18 resins and prevent drying of samples for MALDI-MS, so oils must be
removed prior to MS analysis. We found that in situ reactions proceeded simi-
larly whether the defatting was done before or after the in situ (Figure S8C).
This demonstrates that there are no membrane-associated components that
are key for an efficient AEP-catalyzedmacrocyclization. It was more expedient
to defat the extract rather than individual reactions.
Synthetic Substrates and Nuclear Magnetic Resonance
Confirmation of Diselenide Cyclic SFTI-1
All synthetic peptides were produced using solid phase peptide synthesis by
Wuxi Nordisk Biotech to >95% purity based on LC. All peptides used in this
study are listed in Figure 1A. To confirm the structure of the diselenide cyclic
SFTI-1 by nuclear magnetic resonance (NMR) backbone assignments a 2 mg
ml–1 solution of this peptide was prepared for 1H NMR measurements in 90%
H2O10%D2O (v/v) at pH6.0 and examinedwith 1D and total correlated spec-
troscopy experiments. The spectra were recorded on a 600-MHz spectropho-
tometer using previously described methods (Daly et al., 2006) and assigned
using established techniques (Wu¨thrich, 1986). Data were collected at 280 K
with a 2D mixing time of 80 ms. The HN and Ha of the peptide backbones571–582, May 21, 2015 ª2015 Elsevier Ltd All rights reserved 579
were assigned and comparedwith the randomcoil shifts assigned by structural
studies with theoretically determined shifts (Wishart et al., 1995) in order to
calculate the Ha secondary shifts; the resulting shifts were plotted and
compared with those known for native sunflower cyclic SFTI-1 (Korsinczky
et al., 2001). This comparison showedno significant differencebetween thedis-
elenide cyclic SFTI-1 and native (disulfide) sunflower cyclic SFTI-1 (Figure S8D).
MALDI-TOF MS
One microliter of peptides eluted from C18 ZipTips (Merck Millipore) or their
1:5 dilution in 5% acetonitrile 0.1% formic acid was spotted onto an MTP An-
chorChip 384 plate. To the spotted peptide, 1 ml of matrix was added. The ma-
trix was prepared by adding an excess of a-cyano-4-hydroxycinnamic acid
matrix (Fluka) to 90% acetonitrile 0.1% trifluoroacetic acid, sonicating
15 min and then spinning for 5 min at 10,0003 g. The supernatant was diluted
10-fold in acetonitrile for matrix application. After the spots were dried, they
were analyzed with an UltraFlex III MALDI-TOF/TOF mass spectrometer
(Bruker Daltonics) at 20%–40% laser intensity with up to 3,000 shots for MS
analysis per spot.
Peptide Confirmation by LC-MS/MS
Peptides were resuspended in 5% acetonitrile (v/v), 0.1% formic acid (v/v) and
loaded onto a C18 high-capacity nano LC chip trapping column (160 nl) (Agi-
lent) in 95% buffer A (0.1% formic acid) and 5% buffer B (0.1% formic acid in
acetonitrile) using a 1200 series capillary pump (Agilent). After loading sam-
ples, the trapping column was switched in-line with a 1200 series nano
pump (Agilent) and a C18 analytical column (75 mm3 150 mm) and then using
a gradient, 5% B to 95% B in 15 min, peptides were eluted into a 6510 Series
QTOF mass spectrometer (Agilent). The QTOF was operated in a targeted
fashion for the doubly and triply charged versions of peptides of interest
selected for MS/MS. Ions were dynamically excluded for 0.2 min following
fragmentation. MS data were collected at eight spectra per second, while
MS/MS spectra were collected at one spectrum per second.
Disulfide Acyclic-SFTI in Size-Split In Situ Assays
To explore the instability of acyclic-SFTI in situ, extract prepared as described
earlier was loaded into an Amicon Ultra centrifugal filter unit (Millipore) with a
molecular weight cutoff of 10 kDa. The spin through (<10 kDa fraction) was
kept. The >10-kDa supernatant remaining in the column was washed by add-
ing AEP activity buffer before further centrifugation. The purpose of this
washing was to remove the <10-kDa components of the mixture. We calcu-
lated that after a series of such washes, the mixture was depleted 50-fold
for <10-kDa molecules.
Cloning Sunflower HaAEP1
The predicted amino acid sequence of several plant AEPs was used to search
anH. annuus seed de novo transcriptome (NCBI SRA: SAMN02569067) (Elliott
et al., 2014) for putative sunflower AEP transcripts using tBLASTN. One full-
length AEP ORF was found as well as four partial ORFs. The new full-length
predictedAEP transcript was namedHaAEP1 and encoded a 491-residue pro-
tein. Specifically, the sequence corresponding to HaAEP1 in the Elliott et al.
(2014) sunflower seed de novo transcriptome was CL10161.Contig1_H_an-
nuus. Four partial but unique AEP transcripts were also identified in the
transcriptome and tentatively called HaAEP2 (CL9710.Contig1_H_annuus),
HaAEP3 (Unigene56680_H_annuus), HaAEP4 (Unigene15625_H_annuus)
and HaAEP5 (Unigene51089_H_annuus or Unigene51090_H_annuus).
Using the HaAEP1 protein sequence, the NCBI databases were queried by
tBLASTN for matching expressed sequence tags (ESTs). Two ESTs that
potentially contain the full-lengthHaAEP1 sequence were identified (Genbank:
GE509912 and GE497297) and their corresponding cDNA clones (CCFT7275
and CCFS7894, respectively) were ordered from the Arizona Genomics Insti-
tute, University of Arizona, USA. The clones were from a cDNA library con-
structed in the pBRcDNASfiIAB vector. The two cDNA clones were found to
contain full ORFs by sequencing with primers M13 reverse (50-CAGGAAA
CAGCTATGAC-30), AJ41 (50-TATGTCACGACAGCATCG-30), and AJ46 (50-
CCGAAGGATTACACTGGAA-30). CCFT7275 had three nucleotide differences
from the draft sunflower genome, whereas CCFS7894 had only one nucleotide
difference (Gly26-Glu26) immediately after the ER signal sequence, but likely
to be within the N-terminally cleaved prodomain of HaAEP1 and so not present580 Chemistry & Biology 22, 571–582, May 21, 2015 ª2015 Elsevierin the mature protease sequence. The HaAEP1 sequence encoded by cDNA
clone CCFS7894 was used for this work (Genbank: KJ147147).
Relative mRNA Abundance of Sunflower AEP1 and Partial AEP
Sequences
To establish the relative abundance of AEP mRNA expression in sunflower
seeds, the raw reads used togenerate a sunflower seed transcriptomebyElliott
et al. (2014) were mapped to the full HaAEP1 ORF and the four partial HaAEP
sequences in the Elliott et al. (2014) transcriptome using CLC Workbench
6.5.1 software maintaining mapping parameters as mismatch cost 3, insertion
cost 3, deletion cost 3, length fraction 0.95, and similarity fraction 0.95.
Recombinant Expression of AEPs
AEP has previously been shown to self-activate via N-terminal and C-terminal
cleavages (Hiraiwa et al., 1999). Importantly, the N-terminal cleavages in
castor bean AEP were after a di-aspartic acid site.
Sunflower HaAEP1 had no obvious di-aspartic acid to indicate the position
of N-terminal self-cleavage. So HaAEP1 was produced in pQE30 with an
N-terminal sequence including a 6-His tag (MGRHHHHHHGS) in place of
the ER signal sequence (pQE30-HaAEP128–491).
The jack bean (Canavalia ensiformis) AEP we expressed was derived from
the sequence from GenBank (Genbank: P49046), which was determined by
Takeda et al. (1994) and we refer to as CeAEP1. This jack bean did possess
an equivalent di-aspartic acid, so, as we did not wish for an N-terminal 6-His
tag to be cleaved off, we expressed an N-terminally truncated CeAEP136–475
as a BamHI-SalI insert within pQE30, which adds the sequence MGR
HHHHHHGS N-terminally to Glu36 of CeAEP1 (pQE30-CeAEP136-475).
The Arabidopsis thaliana AEP we expressed was derived from the sequence
from GenBank (Genbank: Q39044; Arabidopsis Gene Index At1g62710), also
known as b-VPE (Kinoshita et al., 1995) andwhichwe refer to as AtAEP2. Using
forward genetics, AtAEP2 was shown to be the most important AEP for the
processing of A. thaliana seed storage proteins (Shimada et al., 2003). AtAEP2
possessed an Asp-Glu-Asp region in a similar position to the castor bean di-
aspartic acid so we expressed N-terminally truncated AtAEP247–486 also as
a BamHI-SalI insert within pQE30.
The castor bean (Ricinus communis) AEP we expressed was derived from
the sequence from GenBank (Genbank: D17401), which was derived by
Hara-Nishimura et al. (1991) and is referred to in this study as RcAEP1. The
post-translational processing of RcAEP1 is known, so we expressed N-termi-
nally truncated RcAEP158–497 also as a BamHI-SalI insert within pQE30.
All four constructs were transformed into NEB SHuffle (New England Bio-
labs), which is an E. coli strain engineered to promote disulfide bond formation
in its cytoplasm (Lobstein et al., 2012).
SHuffle E. coli containing HaAEP1 was grown at 30C to a density of optical
density at 600 nm of 0.8, after which expression was induced by adding iso-
propyl b-D-1-thiogalactopyranoside to 0.5 mMand the culture was transferred
to 16C for overnight growth. CeAEP1, AtAEP2, and RcAEP1 were auto-
induced in SHuffle E. coli grown overnight at ambient temperature after inoc-
ulation at a 1:50 ratio with an overnight culture. After growth, bacteria were
pelleted and resuspended in lysis buffer (50 mM Tris [pH 8.0], 100 mM sodium
chloride, 0.1% Triton X-100). After sonication and centrifugation, the His-
tagged protein in the, now cleared, supernatant was purified using Ni-NTA
resin (Bio-Rad). For purity of recombinant AEPs, see gel images (Figure S8E).
The eluted protein was dialyzed in two steps: the first dialysis was in 50 mM
sodium acetate (pH 5.0), 5 mM DTT, 1 mM EDTA for 20 hr. The second dial-
ysis was the same, but with 0.5 mM DTT. Following dialysis, insoluble material
was removed by centrifugation and the protein concentration of the superna-
tant was determined using BSA standards (BCA kit, Pierce). Aliquots of the
protein were stored at –80C. For native AEP, it has been shown that N-termi-
nal and C-terminal pro-regions are cleaved from pro-AEP (Hiraiwa et al., 1999).
We observed that either after dialysis or following 2 hr pre-incubation at 37C in
the activity buffer, HaAEP1, CeAEP1, AtAEP2, and RcAEP1would self-mature.
Sequence Alignments of AEP Sequences
The four AEP sequences studied in this work (HaAEP1, CeAEP1, AtAEP2, and
RcAEP1) and an AEP sequence from a Clitoria ternatea seed extract that had
macrocyclization activity with non-native peptides (CtAEP1, also known as
Butelase 1) were aligned using CLUSTAL W (1.83) at the ExPASy server andLtd All rights reserved
output in order according to alignment. The alignment was then rendered us-
ing BOXSHADE also at ExPASy. A larger alignment (Supplemental Data 1) was
made by aligning HaAEP1with 91 other AEP sequences found byBLAST using
the HaAEP1 protein sequence for bait. The sequences were aligned with Clus-
talW-XXL and similarly rendered with BOXSHADE.
In Vitro Digests with Recombinant AEPs
For specific activity measurements, recombinant AEPs were mixed with either
0.25mMSFTI(D14N)-GLDN or 0.5mMSFTI-GLDN substrates in activity buffer
containing an internal standard (50 mM sodium acetate [pH 5.0], 5 mM DTT,
5 mM EDTA, and 25 mM native [disulfide] SFTI-1 as an internal standard) and
incubated at 37C. The AEPs were at a concentration of 2–4 mg ml–1 for the
SFTI(D14N)-GLDN reaction or 25–100 mg ml–1 for the SFTI-GLDN reaction.
Samples were collected during various time points and analyzed by MALDI-
MS. For each AEP, the whole experiment was repeated three times. The quan-
tity of the products at each time point was evaluated as for the kinetic analyses
described below.
To perform the side-by-side comparison of the activity of HaAEP1 and
CeAEP1 in digests of either SFTI-GLDN or the mutant substrate SFTI(D14N)-
GLDN (Figure 6B), we prepared a 100 ml reaction in AEP activity buffer.
Final concentrations of substrates SFTI-GLDN or the mutant substrate
SFTI(D14N)-GLDN were 0.25 mM. HaAEP1 or CeAEP1 was added to a final
concentration of 50 mg ml–1. Native SFTI-1 was spiked into each reaction as
an internal standard to 100 mM. Aliquots of 10 ml were collected at the specified
time points and analyzed by MALDI-MS.
For kinetic experiments, each reaction mixture contained 2 mM recombinant
CeAEP1 with SFTI-GLDN or 0.2 mM HaAEP1 and CeAEP1 for SFTI(D14N)-
GLDN. HaAEP1 had no measurable activity against SFTI-GLDN and so was
not tested in kinetics experiments. Four substrate concentrations were tested
and ranged from 30 mM to 500 mM. Kinetics reactions were performed in
50 mM sodium acetate (pH 5.0), 5 mM DTT, 5 mM EDTA, and incubated at
37C. A 5 ml aliquot was taken at 10 time points, immediately diluted 100-
fold in 5% acetonitrile 0.1% formic acid and spotted with an a-cyano-4-hy-
droxycinnamic acid matrix onto a plate for MALDI-MS. The time points ranged
from 0 to 8 hr for SFTI-GLDN and 0 to 2 hr for SFTI(D14N)-GLDN. Each spot
that corresponded to a single time point was analyzed by MALDI-MS seven
times to give an average peak area.
Reactions were spiked with native cyclic SFTI-1 to control for variation in
ionization efficiency. To quantify the amount of cyclic and acyclic product,
we made calibration curves for all four products in which the peak area of
each product was calibrated to known peptide concentrations. The entire ki-
netic experiment was performed twice. The initial rate of the reaction from
each substrate concentration was fitted using the Michaelis-Menten equation
from which Vmax and Km, and consequently kcat and kcat/Km, were calculated
using GraphPad software.
ACCESSION NUMBERS
The accession number for H. annuus HaAEP1 reported in this paper is Gen-
Bank: KJ147147.
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